The variations in particulate matter (PM) and in eighteen metallic elements in four 27 different particle sizes in the air of southern Taiwan were investigated from February 28 to March 2010. The variation in mean mass concentrations of PM 2.5 , PM 2.5-10 , PM 10 , 29 and TSP between Asian dust storm (ADS) and non-dust storm (NDS) periods 30 suggested that the dominant fractions were PM 2.5-10 and PM 2.5 , respectively. The 31 obvious differences in metallic element concentrations between ADS and NDS 32 periods suggested that crustal elements (Fe, Mg, Sr, Co, Ba and Mn) can be used as 33 dust storm indicators, in addition to Ca and Al. Both mass fractions and metallic 34 concentration ratios indicated that the PM 2.5-10 fraction can distinguish between ADS 35 and NDS periods. An enrichment factor (EF c ) demonstrated that most anthropogenic 36 elements were significantly lower in ADS periods than in NDS periods. The EF c 37 values for anthropogenic elements in coarse particles may be used as indicators of 38 dust storm invasion as well. An association was found between the extent of dust 39 storm effects on receptors and the residence time (duration) of the event, in addition 40 to the transport pathway. 41 42 43
The strategy used in this study was to examine eighteen metallic elements in 88 PM 2.5-10 , PM 2.5 , PM 10 and TSP in southern coastal area of Taiwan during 2010. The 89 temporal and spatial variations of PM and metallic elements were investigated to 90 identify dust storm events and to map the differences between upstream and 91 downstream characteristics in the dust storm period. The particle mass, fraction mass 92 ratio, elemental concentrations, the ratio of PM 2.5-10 and PM 2.5 in PM 10 and 93 enrichment factors (EF c ) were used for elucidation of the difference in chemical 94 characteristics and distribution between NDS and ADS periods, as well as for 95 development of indicators for identifying dust storm events. The PM 10 data obtained 96 from other monitoring stations were also used to show the effects of a severe dust 97 storm across the wider East Asian region. 98 99 2. Materials and methods 100 (Savillex Corp., UK). Complete dissolution of samples was achieved after a period of 137 3-4 h digestion on a hotblock (SC 154, Environmental Express Corp., SC) at 160℃. 138
The digested solution was then evaporated to near dryness in a clean hood and was 139 diluted to 30 mL with 1 % nitric acid for analysis. Aluminum, Ca, Fe, Mg and Na 140 were analyzed by inductively coupled plasma atomic emission spectrometry 141 (ICP-AES, Thermo IRIS Intrepid II XSP) and V, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Sr, 142
Cd, Ba and Pb by inductively coupled plasma mass spectrometry (ICP-MS, HP4500). 143 144
Quality control and quality assurance 145
Data quality was assured with method blanks, quality control (QC), duplicate 146 analysis (DA), and matrix spiked samples. All the control samples were treated in the 147 same way as the actual samples. In addition, method detection limits (MDLs) were 148 determined as the concentration equivalent of three times the standard deviation of 149 seven replicate measurements of the analyte in reagent water, and then converted to 150 7 atmospheric concentration in ng m -3 . In this study, all data reported were corrected 151 using the method blank. The results of QC, DA, matrix spike, and MDLs were from 152 94.6% (Mg) to 106.6% (Ca), 1.6% (Fe) to 23.3% (As), from 91.2% (Sr) to 113.3% 153 (Pb) and from 0.0028 ng m -3 (As) to 1.9 ng m -3 (Ca), respectively. 154 155 3. Results and discussion 156
Identification of dust storm events 157
Two dust storm events were announced by the Taiwan EPA (TEPA) during the 158 study period, one occurred on 16 th March and the other on 21 st to 22 nd March, 2010. 159 Apart from the announcements from TEPA, dust storm events in the study area were 160 identified by the analysis results of this study, such as temporal variation of PM 10 161 concentrations, particle mass and size fraction ratios, aluminum element in PM 10 162 (given in supplemental materials, Fig. S1 ), and the dust storm transport pathway 163 established from back trajectory analysis. 164 Table 1 shows the particle masses of PM 2.5 , PM 2.5-10 , PM 10 , and TSP for both NDS 204 and ADS periods. The average particle masses of PM 2.5 , PM 2.5-10 , PM 10 , and TSP in 205 NDS period were 46.0±19.1, 18.7±8.7, 64.7±24.6, and 101±45 µg m -3 , respectively. 206
Particle mass concentrations and size fraction ratios 203
The average particle masses of PM 2.5 , PM 2.5-10 , PM 10 , and TSP in ADS periods were 207 60.3±29.1, 135±101, 195±128, and 358±236 µg m -3 , respectively. These results 208 demonstrated all the PM masses in the ADS periods were higher than those in the 209 NDS periods. The high concentrations of PM 2.5 , PM 10 , and TSP in the ADS periods 210 exceeded the current Taiwanese 24-hr air quality standard of 35, 125, and 250 µg m -3 , 211 respectively (http://ivy5.epa.gov.tw/epalaw/docfile/040060.pdf). In addition, particle 212 mass ratios of ADS/NDS for PM 2.5 , PM 2.5-10 , PM 10 , and TSP were 1.3, 7.2, 3.0, and 213 3.5 times, respectively. The PM 2.5-10 showed the highest enhancement (ADS/NDS) of 214 particle mass among the four fractions. Chen et al. (2004a) pointed to a uni-modal 215 distribution and peak particle sizes between 3.2 and 5.6 μm in diameter in ADS 216 periods. Particle mass ratios in this study were similar to those reported by Chen et al., 217 (2004a) , with PM 2.5-10 as the major fraction during ADS periods. 218
The difference in the dominant particle size between NDS and ADS periods is 219 shown in Table 1 . In NDS periods, all the PM 2.5 masses were higher than PM 2.5-10 , but 220 the opposite situation was observed in ADS periods (the PM 2.5-10 masses were over 221 PM 2.5 ). The ratios of PM 2.5-10 /PM 10 in NDS were from 0.22 to 0.48, which were 222 smaller than those ratios (from 0.55 to 0.73) in ADS periods (Table 1 ). The ratios of 223 PM 2.5-10 /PM 10 (in ADS) in this study were similar to those reported by Chen et al. 224 (2004a) . These results indicate that PM 2.5 and PM 2.5-10 were the dominant fractions in 225 PM 10 during NDS and ADS periods, respectively. These two fractions in PM 10 can 226 therefore be used to distinguish between NDS and ADS periods in the study area. 227 228 3.2 Concentration of metallic elements 229 Table 2 lists the concentrations of eighteen metallic elements in PM 2.5 , PM 2.5-10 , 230 PM 10 , and TSP for NDS and ADS periods. Higher concentrations of most metallic 231 elements are observed in ADS periods compared with NDS periods and of these, Al, 232
Ca Fe, Mg, and Na are the most abundant, accounting for over 90% of the total. The 233 average percentage of Na in TSP mass was 4.44% and 3.57% in NDS and ADS period, 234 respectively. It is noted that both were higher than the average concentration of Na, 235 2.36%, in the continental crust (Wedepohl, 1995) . This result indicates that crustal and 236 marine aerosols were major elemental sources for the particles ( The concentrations of Co and Cd were the two lowest during both NDS and ADS 240 periods. The concentrations of V and Ni in PM 2.5 were lower in ADS than in NDS 241 periods. However, the opposite situation was observed for PM 2.5-10 , PM 10 ,and TSP. 242
These results indicate that V and Ni in PM 2.5 largely originate from local emissions, 243 while dust storms contribute these two elements to PM 2.5-10 , PM 10 , and TSP. 244
Crustal elements (Ca, Al, Fe, Mg, Sr, Co, Ba, and Mn) display higher ADS/NDS 245 concentration ratios when compared to ratios for anthropogenic elements (Ni, Cu, Zn, 246
As, Se, Cd Pb, V, and Cr) for all four particles size fractions (Fig. 3) . The ADS/NDS 247 concentration ratios of crustal elements were higher in PM 2.5-10 than in PM 2.5 , PM 10 248 and TSP. Calcium showed the highest ratios, compared with other elements in PM 2.5 , 249 (Table S1 and Fig. S2 ). This 259 observation was similar to that of Son and Park (2015) . 260
The ADS/NDS concentration ratios of anthropogenic elements (Ni, Cu, As, Zn, Pb, 261
Cd, Se, V, and Cr) are given in Fig. 3 . The lowest ratio in PM 2.5 was for Ni (0.92) and 262 the highest was Pb (1.9). For PM 2.5-10 the lowest and highest ratios were for Zn (0.77) 263
and As (4.4), respectively. For PM 10 and TSP, the lowest and highest ratios were both 264 for Cu (1.1 and 0.73) and As (2.1 and 2.8), respectively. These ratios suggest that dust 265 storms not only transport crustal and marine elements, but they also carry significant 266 quantities of anthropogenic elements (Huang et al., 2010). Accordingly, the use of Al 267 and Ca as indicator elements could be supplemented by measurements of the 268 simultaneous high variations of Fe, Mg, Sr, Co, Ba, and Mn (Fig. 3) . 269 
Spatial variations during a severe dust storm event 309
The spatial variation of PM 10 concentrations from East Asian region to Taiwan 310 during the severe dust storm (19 th to 23 rd March 2010) are shown in Fig. 2a and 2b . 311
Two transport pathways of dust storm can be categorized. Daily PM 10 concentrations 312 observed at air monitoring stations in the East Asian region varied along the dust 313 storm path ( Fig. 2a ). There was an obviously decrease in PM 10 concentration as the 314 dust storm moved to Gwangju, Korea and Nagasaki, Japan (Fig. 2a) Al concentrations in particles. Among the four particle fractions examined, the most 370 striking variation in chemical characteristics between ADS and NDS periods was 371 observed in PM 2.5-10 . High ADS/NDS ratios for Ca, Al, Fe, Mg, Sr, Co, Ba, and Mn 372 were observed in PM 2.5 , PM 2.5-10 , PM 10 , and TSP, suggesting that these elements can 373 also be used as indicators to identify ADS events in the study area. The variation in 374 metallic element concentrations and EF c values revealed that substantial crustal 375 elements are present in PM during ADS periods. In addition, a significant difference 376 between the EF c for anthropogenic elements was found in PM 2.5-10 , PM 10 , and TSP, 377 which means that levels of these elements could be used as indicators of dust storm 378 invasion. The spatial variations of PM 10 
